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Abstract. Maps of areas with different vulnerability degrees
are an integral part of environmental protection and manage-
ment policies. It is difﬁcult to assess the intrinsic vulnera-
bility of karst areas since the stage and type of karst struc-
ture development and its related underground discharge be-
haviour are not easy to determine. Therefore, some improve-
ments, which take into account dolines, caves and superﬁcial
lineament arrangement, have been integrated into the SIN-
TACS R5 method and applied to a karst area of the south-
eastern Murge (Apulia, southern Italy). The proposed ap-
proach integrates the SINTACS model giving more weight to
morphological and structural data; in particular the following
parameters have been modiﬁed: depth to groundwater, effec-
tive inﬁltration action, unsaturated zone attenuation capacity
and soil/overburden attenuation capacity. Effective hydro-
geological and impacting situations are also arranged using
superﬁcial lineaments and karst density. In order to verify the
reliability of the modiﬁed procedure, a comparison is made
with the original SINTACS R5 index evaluated in the same
area. The results of both SINTACS index maps are compared
with karst and structural features identiﬁed in the area and
with groundwater nitrate concentrations recorded in wells.
The best ﬁtting SINTACS map is then overlaid by the layout
of potential pollution centres providing a complete map of
the pollution risk in the area.
1 Introduction
Karst groundwater is of great importance as a resource for
water supplies. Unfortunately, it is very vulnerable to hu-
man activities since its non-homogeneous three-dimensional
structure allows pollution to spread easily.
In order to deﬁne the sensitivity of a groundwater system
to human impact, both the geological and hydrogeological
Correspondence to: A. Marsico
(antomarsi@geo.uniba.it)
characteristics of the area are studied. The assessment of in-
trinsic vulnerability can be made using several methods, for
example DRASTIC (Aller et al., 1987), SINTACS (Civita,
1994), GOD (Foster, 1987), which concern many system fac-
tors such as geological setting, underground discharge be-
haviour, amount of rainfall and protection provided by over-
burden (Civita, 1994). Nevertheless, the protection of karst
groundwater must take into account the speciﬁc characteris-
tics of karst aquifer: relatively little ﬁltration occurs because
the recharge takes place through enlarged fractures; the ﬂow
rate is faster in some parts of the karst than in others; swal-
low holes allow surface water to have direct access to the
conduits (COST 65, 1995). In order to assess vulnerability of
the karst aquifer it is also necessary to consider both the stage
and type of development of the karst structure and the kind
of inﬁltration – diffuse or point – which characterises it (Do-
erﬁnger and Zwahlen, 1998). Others methods have then been
developed for karst systems such as EPIK (Doerﬁnger and
Zwahlen, 1998), RESK (Mal` ık and ˇ Svasta, 1999), RISKE
(Petelet-Giraud et al., 2001).
Amongst all the methods available, the SINTACS R5
(Civita and De Maio, 2000) was chosen for this study, since
it consists of seven parameters measuring typical hydrogeo-
logical features and it has been tested in different contexts
giving good results. Several authors (Longo et al., 2001;
Cimino and Abbate, 1999; Cucchi et al., 2000; Cucchi et
al., 2003) have integrated certain parameters of SINTACS
methods based on the stage of karst development in order to
adapt it better to karst systems. These studies have mainly
been carried out by means of spring hydrographs and then
by karst feature density measurements. Unfortunately, hy-
drographs are not available for the Murge area since there is
a lack of surveyable springs due to the geological and hydro-
geological setting of the plateau.
In this study the SINTACS method has been improved
taking into account the three-dimensional structure and
anisotropy of karst by means of a morphological and struc-
tural analysis.770 A. Marsico et al.: Intrinsic vulnerability assessment
Fig. 1. Geographical location and schematic geological map of the
study area: 1) Pleistocene calcarenites, 2) Cretaceous limestone, 3)
terra rossa deposits, 4) alluvial deposits.
2 Geological and morphological setting
The Murge plateau is the central part of the thick carbonate
Mesozoic sequence of the Apulian platform. It consists of a
broad highland oriented in a NW-SE direction, with a saddle
which divides it into the north-western Murge with a max-
imum elevation of 680ma.s.l and the south-eastern Murge
with a maximum elevation of about 500ma.s.l. (Boenzi and
Caldara, 1991).
Cretaceous carbonate platform deposits outcrop in the
Murge area (Ricchetti, 1994). The Cretaceous limestone se-
quence, known as the “Calcari delle Murge” Group (Fig. 1),
is constituted by the “Calcare di Bari” Formation (Middle
Cretaceous) and the “Calcare di Altamura” Formation (Up-
per Cretaceous). The “Calcari di Bari” Formation consists of
a thick sequence of mostly detritic limestone layers and some
dolomite levels while the “Calcare di Altamura” Formation
consists mainly of biogenic ﬁne limestone. The carbonate
rocks are overlaid by thin transgressive whitish-yellowish
sediment consisting of Tertiary and Lower Pleistocene cal-
careous organic deposits known as the “Calcareniti di Grav-
ina” Formation (Iannone and Pieri, 1979). In the Holocene,
terra rossa deposits from limestone solution and alluvial de-
posits accumulated in depressed areas such as dolines and
river valleys (Merla and Ercoli, 1971).
The actual physical setting of the study area is strongly
related to its tectonic history. After a long period of car-
bonate sedimentation during the Cretaceous, a continental
sedimentation followed characterised by several, mostly dis-
tensive, tectonic phases (Pieri, 1980). The ﬁrst and the old-
est tectonic phase dissected the carbonate platform into large
distinct blocks. The second phase, followed by minor tec-
tonic activity, dissected the blocks deeply forming slight W-
dipping folds. The morphology which developed during the
continentally period and the ﬁrst karst phenomena are almost
identical to today’s. Further vertical movements along high
angle faults developed a step-like structure dipping NE and
SW respectively toward the Adriatic Sea and the Bradanic
Trough (Ciaranﬁ et al., 1988).
During the Middle-Upper Pliocene and Late Pleistocene
the area underwent a slow but constant lowering that allowed
transgression and sedimentation of the Quaternary succes-
sion. Starting from the Middle Pleistocene and for all the
remaining Quaternary age the area had a general tendency to
be emerged and this allowed the formation of small scarps
within the Pleistocene calcarenite deposits (Di Geronimo,
1970). There are generally more then seven ancient coast-
lines, always parallel to the modern coastline, which outcrop
at different height above the sea level. Other sea level os-
cillations occurred during the Quaternary glaciations; the sea
level fell by a maximum of 130m during the W¨ urm and re-
turned to its present position almost 5000 years ago.
The whole area is characterised by developed karst land-
forms which formed a network making the chemical solution
of limestone easy (Sauro, 1991; Parise, 1999). Karst formed
in response to several morphogenetic phases which took
place in different climatic and structural contexts (Grassi et
al., 1982; Bruno et al., 1995). As a result an underground
network of cavities, caves and conduits is developed; some
of these have great dimensions such as the Castellana cave
(more than 3000 metres in length) and Pozzo Cuc` u cave. The
landscape is characterised by many dolines, valleys and wa-
ter lines. Dolines are of different dimensions and they are
either quite circular or elongated in one direction; in some
cases they are coalescent and they form an endorheic basin.
The valleys and water lines are the remnants of the origi-
nal hydrographic network (Parise 1999) and are mainly di-
rected to the NE. Today karst is exclusively due to rainfall
since there is no permanent superﬁcial drainage system in
the whole area.
3 Improvement of SINTACS method
The SINTACS (Civita, 1994) method was developed to as-
sess intrinsic groundwater vulnerability. Since vulnerability
is a function of many system factors the SINTACS method is
based on the following seven parameters: depth to ground-
water (S), which is the depth of the water table from the
topographical surface; effective inﬁltration (I), which is the
amount of rainfall which recharges the acquifer; unsaturated
zone attenuation capacity (N) and soil/overburden attenua-
tion capacity (T), which concern the physical and hydrogeo-
chemical processes affecting underground water quality; hy-
drogeologic characteristics of the aquifer (A) and hydraulic
conductivity range of the aquifer (C), which describe the
characteristics of the acquifer based on the hydrogeological
setting of the bedrock; hydrological role of the topographic
slope (S), which concerns the runoff on the topographicalA. Marsico et al.: Intrinsic vulnerability assessment 771
surface. In order to weight the parameters in assessing
groundwater vulnerability, a score from 1 to 10 is assigned
to each parameter. Moreover, the SINTACS is designed to
use ﬁve strings of multiplier weights in order to exalt the pa-
rameters on the basis of their relative importance in different
contexts. These effective hydrogeological and impacting sit-
uations are: normal impact, relevant impact, drainage, karst
terrain, ﬁssured terrain. The method has been applied in dif-
ferent geological and hydrogeological contexts giving good
results. These tests, carried out since the early 90’s, have al-
lowed various improvement, the latest of which is Release 5
(Civita and Di Maio, 2000) which is the evolution of the pre-
vious releases. In particular this version has been automated
employing widely used hardware and software.
In order to set the SINTACS method for a karst context, in
particular that of the Murge carbonate platform with a deep
aquifer and a lack of springs, some improvements are sug-
gested. The proposed changes integrate some of SINTACS
parameters such as depth to groundwater (S), effective inﬁl-
tration action (I), unsaturated zone attenuation capacity (N)
and soil/overburden attenuation capacity (T). An assessment
of the arrangement of effective hydrogeological and impact-
ing situations is also computed by the analysis carried out in
this study. The improvements are based on superﬁcial linea-
ments and karst feature density collected by remote sensing
and ﬁeld work. Dolines mapping (Fig. 2a) was carried out by
means of stereoscopic analysis of aerial photographs in order
to identify karst depressions on the ground. The multispec-
tral interpretation of satellite images allowed those superﬁ-
cial lineaments (Fig. 2b) characterised by different thermal
and soil moisture levels to be mapped (Uricchio and Mas-
ciopinto, 1999). Field tests carried out in several sites al-
lowed depressions, caves and lineaments to be checked ran-
domly. All data were implemented in a GIS together with
proﬁles and plans of ﬁfty caves resulting from speleological
surveys in the area (for example Bruno et al., 1992; Comes
et al., 1992; Fanizzi and Manghisi, 1999; Giuliani, 2000;
Savino, 1993; Sgobba, 1995).
S rating is related to groundwater table depth: the greater
the depth, the lower the vulnerability since the thickness of
the unsaturated zone reduces pollution due to physical and
chemical processes. The protection effect is lost on zones
with higher permeability. The improvement in the method
consists in reducing groundwater table depth by means of
cave depth in order to take into account the voids which fa-
cilitate underground pollution. Unfortunately, this procedure
has no effect on the S parameter in the study area, since no
caves reach groundwater and anyway, the thickness of the
carbonate rock corresponds to a lower rating.
The I parameter is based on superﬁcial feature density
(both lineaments and dolines) since the type of inﬁltration
depends on superﬁcial karst development and fracture pat-
tern. The calculation of I provides for the assignment of a
χ value (Civita and De Maio, 2000): the χ rating variation
for each lithology is then linked to the arrangement of the
superﬁcial feature density.
Fig. 2. Digital elevation model of the study area based on the con-
tour lines of the 1:25000 topographical map overlaid by: (a) doline
distribution collected by stereoscopic aerial photograph analysis;
(b) arrangement of superﬁcial lineaments collected by multispec-
tral analysis of satellite images
In order to assess the N parameter, the weighted mean rat-
ing has to be computed for each cell-based column when the
unsaturated thickness consists of several lithotypes. In this
improvement the density and shape of caves are taken into
account with the maximum rating (10) and they are com-
puted in the same way of a lithotype. Moreover, the assign-
ment of the rating to the other lithotypes is based on the su-
perﬁcial feature density.
The modiﬁcation in the T parameter calculation refers to
an increase of the rating which is ﬁxed higher than that es-
tablished by the authors (Civita and De Maio, 2000) since
the soil is very thin in the karst. Data on soil thickness
were collected by the ACLA Project (Regione Puglia, 2001),772 A. Marsico et al.: Intrinsic vulnerability assessment
Fig. 3. (a) Intrinsic vulnerability index arrangement resulting from
the application of the SINTACS R5 method without the improve-
ments proposed; (b) intrinsic vulnerability index arrangement car-
ried out using the proposed procedure based on the analysis of su-
perﬁcial lineaments and karst feature distribution. The degree of
vulnerability ranges from low (L), to medium (M), high (H), ele-
vated (E) and extremely elevated (Ee). The location of each bore-
hole in which the groundwater nitrate concentration (mg/l, values
rounded to the nearest whole number) was measured, is plotted in
the SINTACS maps.
a database containing an extensive soil survey aimed at the
characterization of Apulia soils.
To assess the effective hydrogeological and impacting sit-
uations, the karst and fractured zones are determined accord-
ing to the highest karst and lineament density and based on
those areas with relevant human impact according to the land
use of the CORINE Land-Cover map (JRC, 1995).
All these procedures are performed in a GIS which made
the SINTACS process easy by mean of ArcGis©8.2 Spatial
Analyst (Marsico, 2003). In fact, complex conditions are
stated using Raster Calculation© functions in order to take
into account both ground features and their distribution and
the density values during the calculation of parameter varia-
tions in the area.
4 Results of improved method
The study was performed in order to compare the results of
the original method (Civita and De Maio, 2000) with those
of the modiﬁed method. Two maps were drawn as a result
of the application of the two procedures. The map drawn up
by SINTACS R5 without improvement assesses mainly an
elevated degree (E) of intrinsic vulnerability (Fig. 3a) while
the modiﬁed method assesses a high degree (H) almost ev-
erywhere (Fig. 3b). The original SINTACS R5 index ranges
between 131 and 211, the mean value is 185 with a stan-
dard deviation of 9,68 which indicates a poor variability. The
modiﬁed SINTACS index ranges from 102 to 214 with an av-
erage value of 170 and the standard deviation is 13,51. Even
if the latter standard deviation suggests that the pixel values
are more scattered than those of the original method, most
of these pixels ranges between 141 and 186 which indicates
high vulnerability (Civita and De Maio, 2000) that is to say
less vulnerability with respect to the original SINTACS. This
consideration is conﬁrmed by the average values. Moreover,
the karst features and superﬁcial lineaments have spread the
values of the vulnerability index, showing a greater sensibil-
ity to the speciﬁc features of the studied area.
In order to assess the reliability of the modiﬁed method
several comparisons were made. First of all, the results
of both SINTACS index maps were compared with known
karstic and structural features in the area. Therefore, the two
SINTACS index maps were overlaid by the karst and super-
ﬁcial lineament distributions. Figure 4b shows the overlay
of the karst and structural features on the modiﬁed index ar-
rangement; Fig. 4a shows the same features on the unmodi-
ﬁed SINTACS index. The former ﬁgure shows a good cor-
relation between the speciﬁc features of the studied area and
the highest values of the vulnerability index; this good cor-
relation is evident for the dolines and caves, which are point
karst features, as well as for superﬁcial lineaments, which are
diffuse structural features. Point features increase the values
of the vulnerability index more than diffuse ones. The orig-
inal SINTACS R5 index, on the other hand, although higher
than the modiﬁed one, does not agree with the feature ar-
rangement (Fig. 4a). The use of such features is a useful tool
for improving the knowledge of the territory and setting up
an appropriate methodology to deﬁne the vulnerability of the
area.
In order to conﬁrm the reliability of the modiﬁed method,
both SINTACS maps were compared with groundwater ni-
trate concentrations which were measured in certain wells.
The high concentration values indicate a fast ﬂow rate andA. Marsico et al.: Intrinsic vulnerability assessment 773
Fig. 4. Grey scale variation of SINTACS R5 index overlapped
by superﬁcial lineaments and karst features (both doline and cave
plans) mapped in the area; (a) original SINTACS R5 index varia-
tion which does not agree with the features mapped; (b) modiﬁed
SINTACS index well related with the features mapped in the area
a poor protection provided by soil and by the karst bedrock.
The overlaps show that the highest nitrate concentration val-
ues agree better with intrinsic vulnerability index arrange-
ment of modiﬁed method (Fig. 3b) than with that of original
SINTACS R5 (Fig. 3a). That is to say that the modiﬁed pro-
cedure takes into account the enlarged fractures and the swal-
low holes which allow polluted water to have easy access to
the groundwater.
AllthesecomparisonsconﬁrmthatthemodiﬁedSINTACS
index is suitable for the karst area studied, since it shows
a closer correlation with its geological and hydrogeological
characteristics.
Fig. 5. The ﬁnal vulnerability map of the study area was produced
by combining the best ﬁtting modiﬁed SINTACS map with the lay-
out of potential pollution centres. Diffuse potential pollution cen-
tres were reported by the CORINE Land-Cover project, while the
potential pollution point sources were extracted from the authorized
discharge database of the Environmental Division of Bari Province.
The degree of vulnerability ranges from low (L) to extremely ele-
vated (the same as in Fig. 3).
5 Conclusion
Assessing intrinsic vulnerability in karst areas is difﬁcult
since the stage and type of development of karst structure and
underground discharge behaviour are not easy to determine.
The integration of a SINTACS procedure with analyses car-
ried out on the distribution of dolines, caves and superﬁcial
lineaments makes the method suitable for karst areas. In
this study, the assessment of some SINTACS parameters was
based on the density of karst and structural features collected
by remote sensing and ﬁeld work. The system was imple-
mented in a GIS which makes several steps easy and allows
newqueriestobecreatedandconditionsfortheanalysistobe
stated. The original SINTACS R5 was also processed in the
same area in order to compare results with those of the mod-
iﬁed procedure. The results of both SINTACS index maps
were compared with karst and structural features identiﬁed
in the area and with the groundwater nitrate concentrations
in some wells. These comparisons conﬁrm the reliability of
the modiﬁed SINTACS map which can be used to describe
the intrinsic vulnerability of the area studied. Finally, Fig. 5
shows this best ﬁtting map overlaid by diffuse and point po-
tential pollution centres collected for this area. These data
concern mines, industrial and urban areas, intensively culti-
vated sites and discharges through wells and natural shafts.
This map provides for a complete picture of the pollution
risk in the area and making a contribution to environmental
protection and management policy of natural resources.774 A. Marsico et al.: Intrinsic vulnerability assessment
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